Abstract. Magnesium alloys, as one of the lightest metal structural materials, are attracting more and more attention. At present, most of Mg alloy products are manufactured by die casting. For enlarging the applications of Mg alloys, many researchers are engaged in developing its plastic forming technology. However, the study on warm sheet hydroforming of Mg alloy is rarely reported. Therefore, a set of warm sheet hydroforming tools was designed for experimental research on the hydroforming of rectangular Mg alloy cups with a step cavity. The corners of the deeper cavity are difficult to form directly because of the severe stretching. Multi-stage hydroforming method was used to improve the sheet thickness reduction in the corners of the deeper cavity. Several different two-stage hydroforming methods were realized by elastic-plastic finite element simulation. According to the results of finite element simulation, the influence of forming methods on the minimum thickness of formed parts and the reasons were analyzed, and the optimal process for the rectangular Mg alloy cup with a step cavity was determined.
INTRODUCTION
Magnesium alloy, for its low density, high specific strength and thermal conductivity, good electromagnetism resistance and easy to recycle, are looked upon as one of the most important metal materials in the manufacturing of automobile, electrical and aerospace products [1, 2] . Mg alloys have low formability at room temperature because of the HCP structure of Mg. However, due to the activation of additional slip systems, the formability of Mg alloys can be improved significantly by raising the forming temperature up to 200-300℃ [3] . The research from references [4, 5] indicates that Mg alloy AZ31 shows considerable formability at the temperature about 170℃. In their experiment, the limiting drawing ratio of Mg alloy round cup is up to 2.6 at the temperature 170℃, and the value exceeds some other body centered cubic metal materials.
As well known, the hydroforming technique is capable of not only avoiding the shortcoming of the traditional stamping process that wastes a large quantity of time and money in the aspect of die design, manufacture and adjustment, but also of forming directly the complicated shape part that is difficult for other process and provide a better dimension precision [6, 7] . In this paper, a set of hydroforming tools was designed to perform the warm hydroforming of rectangular mg alloy cups with a step cavity and the different hydroforming methods for this complicated shape part were simulated by using Finite element soft package to get the optimal forming process.
WARM HYDROFORMING OF RECTANGULAR MG ALLOY CUP WITH A STEP CAVITY
The designed hydroforming tools are shown in Figure 1 . There are sixteen holes distributed symmetrically on the female die in which electric heating elements can be inserted to realize the warm hydroforming. A stainless steel part was formed by using the tools at room temperature (See Figure 2) . The experimental investigation on warm hydroforming of Mg alloy is under experiment. The profile figure of the rectangular cup with a step cavity is illustrated as the cavity D in Figure 3 . The deep corners are difficult to form directly because the severe stretching occurs during filling into the corners. Therefore, three kinds of two-stage forming methods (See Figure 3) are assumed as feasible in terms of the part shape, which are, Method AD, to form the cavity A firstly then cavity D, Method BD, to form the cavity B firstly then cavity D, and Method CD, to form the cavity C firstly then cavity D. Furthermore, direct forming process (Method D) also was simulated to compare with other three methods. Figure 4 exhibits the geometry model of the FE simulation. In order to simplify the simulation, isothermal rigid body was used for dies and four-node shell element was adopted for blank. The gap between the blank and the blank holder was fixed and fluid pressure was loaded on the whole top surface of the blank. The parameters of simulation are shown in Table 1 . In the simulations of two-stage forming process, the different first-stage loading pressures were taken into account. Figure 6 indicates that, in the two-stage forming process, the maximum pressure obtained in the second stage is changing with the final first-stage pressure, and the minimum thickness of formed parts also is different. When the pressure in the second stage exceeds those maximum values, the severe local thinning occurs in the area of step cavity. A typical local thinning form is shown in Figure 7 . For the forming Method AD, as shown in Figure  6 (a), the maximum pressure obtained in the second stage displays a trend of decrease with the increase of the first-stage pressure and the minimum thickness of formed part are changing in a complicated manner. The simulation results revealed that the flange shape of formed part has not changed obviously under all the forming conditions and the deformation mode mainly is stretching. Therefore, the occurrence of local thinning can be regarded as a result of forming of the step cavity focusing on a limited area. Raising the firststage pressure conduces that forming of the step cavity focus on a smaller area. Thus, generally, the higher the first-stage pressure, the earlier the occurrence of the local thinning in the second-stage forming. The minimum thickness of formed part declines as the firststage pressure increases from 10MPa to 20MPa, but their second-stage pressures both are 25MPa, so, this decrease should be attributed to the function of the first-stage pressure. When the first-stage pressure change from 20MPa to 30MPa, the decrease of the second-stage pressure results in the increase of the minimum thickness. After this, the minimum thickness keeps declining with the increase of the first-stage pressure, which is due to the intense influence of the first-stage pressure. During the first stage forming, loading pressure 50MPa makes the blank contact completely with the die A, and the blank thickness at the corners is 0.59mm.The thickness is very close to the minimum thickness of formed part.
SIMULATIONS

RESULTS AND DISCUSSION
For the forming Method BD, Figure 6 (b) shows that the maximum pressure obtained in the second stage decreases and the minimum thickness of formed part increases with the increase of the first-stage pressure. It illuminates that the higher first-stage pressure, the earlier the occurrence of local thinning, and the increase of the minimum thickness is mainly due to the decrease of the second-stage pressure that results from the increase of the first-stage pressure. It is observed from simulations that the element on the right round corner area of die B in first-stage forming happens local thinning in the second-stage forming. This might be the cause of the above phenomena. With respect to this method, the optimal forming process is to form with the minimum first-stage pressure 0, namely the Method D. For the forming Method CD, as the first-stage pressures are 10MPa ， 15MPa and 18MPa, the maximum second-stage pressures obtained all are 25MPa, but the minimum thickness of formed part increases slightly. The first-stage pressures 20MPa and 22MPa correspond to the maximum second-stage pressures 27MPa and 28MPa respectively. Figure 6(c) illustrates that the first-stage pressure has a little influence on the second-stage forming as it is less than a certain value (about 18MPa), but higher first-stage pressure effectively enhance the maximum secondstage pressure. As shown in Figure 8 , under the same second-stage pressure 25MPa in all forming processes of Method CD, the minimum thickness of formed part increase significantly with the increase of the firststage pressure. Therefore, with respect to Method CD, raising the first-stage pressure can not only enhance the maximum second-stage pressure, but also relieve thickness thinning of the blank. The optimal process of Method CD is the one with the first-stage pressure 22MPa. At last, comparing the process with the first-stage pressure 22MPa of Method CD to the Method D, as seen in Figure 9 , the former can attain the higher second-stage pressure and has less thickness thinning at the same second-stage pressure in the final forming phase. Figure 10 indicates that the formed part by the former process is closer to the expected shape than the Method D. KIM, etal. [8] performed the experimental study and numerical analysis of the multi-stage hydroforming for a similar part and they believed that the multi-stage process can effectively improve its formability. The Method CD of this paper can be regarded as their multi-stage forming process without the middle stage. To some extent, result of this paper can be considered in agreement with reference [8] . 
CONCLUSIONS
Through comparing the three kinds of two-stage forming method and the direct forming method, the process with the first-stage pressure 22MPa of Method CD is determined to be the optimal one. This process not only can provide the highest second-stage pressure, also has less thickness thinning at the same secondstage pressure in the final forming phase, and the formed part is the closest to the expected shape.
